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(57) ABSTRACT 
A micromachined accelerometer includes two capaci 
tors comprising a pair of fixed capacitor electrodes and 
an intermediate movable proof mass serving as a com 
mon electrode which is displaced under acceleration to 
differentially vary the capacitances. A circuit holds the 
common electrode at a bias voltage and a switching 
circuit rapidly alternating between two phases sepa 
rately connects the fixed electrodes to a main reference 
voltage and to ground during a first phase and to a 
common intermediate voltage during a second phase. A 
charge amplifier senses capacitance changes due to 
acceleration to produce an output voltage and an atten 
uating amplifier responsive to the output voltage pro 
duces the common intermediate voltage. A compensa 
tion servo circuit responsive to the output voltage gen 
erates the bias voltage which controls an electrostatic 
balancing force which is applied to the proof mass dur 
ing the first phase to maintain the proof mass near a rest 
position. Alternatively, the bias voltage is a constant 
value for open loop operation. 

14 Claims, 2 Drawing Sheets 
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1. 

SWITCHED CAPACTOR TRANSDUCER 

FIELD OF THE INVENTION 

This invention relates to capacitive transducers and 
particularly to a circuit for providing an output as a 
function of a parameter being sensed by a capacitive 
SSO. 

BACKGROUND OF THE INVENTION 

It is known to use a capacitance type transducer for 
the measurement of acceleration and other physical 
quantities such as pressure, fluid level, humidity, posi 
tion and/or proximity of various items. In the case of at 
least accelerometers and pressure sensors a movable 
capacitor element is suspended by a resilient support 
near a fixed capacitor element and a force on the mov 
able element caused by acceleration or pressure dis 
places the movable element against a restraining force 
thereby changing the capacitance. A measurement of 
the capacitance or the change of capacitance can then 
be used as a measure of the displacement and therefore 
of the acceleration or the pressure. 

In such transducers two principle types are used de 
pending on the restraining force. In open loop devices, 
the spring rate of the support provides a force which 
counters the input force and establishes an equilibrium 
position. In force balance devices, an electrical feed 
back signal is generated and applies a restraining force 
by magnetic or electrostatic attraction of the movable 
capacitor element. The advantage of the force balance 
devices is that the movable element can be held to a 
very small displacement, thus avoiding fatigue of the 
Support and the consequent change of spring rate over 
the life of the transducer. 

Typically, a capacitive accelerometer has a moveable 
proof mass constituting a capacitor electrode suspended 
between two other capacitor electrodes for movement 
along the axis in which acceleration is to be sensed. In 
the interest of compactness and integration with associ 
ated circuitry, such devices may be micromachined 
silicon variable capacitors. An example of such technol 
ogy is shown in the article “Airbags Boom When IC 
Accelerometer Sees 50G', Electronic Design, Aug. 8, 
1991, pp. 45-56, which is incorporated herein by refer 
ence. The circuit described in that article is adaptable to 
both open loop and force balancing transducers. How 
ever it requires large capacitors not amenable to an 
integrated circuit and thus are “off-chip’. The circuit 
further requires AC input excitation and is sensitive to 
frequency variations, and the balancing feedback has a 
high resistance coupling into the accelerometer capaci 
tance, thus giving rise to temperature sensitivity prob 
lems. 
My U.S. Pat. No. 4,467,655, entitled "Quad-Gate 

Demodulator Circuit for Capacitive Transducer' is an 
example of a circuit suited for an open loop transducer 
and it is not adaptable for use with force balancing. It 
uses quad-gate switching and it requires an AC input 
signal and a demodulating scheme as well as two large 
coupling capacitors which are external capacitors when 
the device is an integrated circuit. 

It is desirable to provide a transducer circuit which is 
applicable to both open loop and force balancing trans 
ducers with only minor modification, requires no large 
capacitors, and is simple. 
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2 
SUMMARY OF THE INVENTION 

It is therefore an object of the invention to provide a 
capacitive transducer characterized by flexibility in 
application and simple circuitry. A further object is to 
provide such a circuit which requires no “off-chip' 
capacitors, no AC excitation and modulation, and has 
low sensitivity to frequency and temperature variations. 
The invention is carried out by a capacitive trans 

ducer comprising: first and second variable capacitors 
comprising first and second fixed capacitor electrodes 
and a common capacitor electrode interposed between 
the first and second electrodes, the common electrode 
being displaceable from a rest position to vary the ca 
pacitances of the capacitors as a function of a parameter 
being measured; capacitance sensing means for generat 
ing an output voltage which is a function of the sensed 
parameter and having inverting and non-inverting in 
puts tied to a biasing voltage; first switch means for 
connecting the first and second electrodes to first and 
second reference voltages and for coupling the input of 
the capacitance sensing means to the common electrode 
to thereby couple the biasing voltage to the common 
electrode; second switch means for connecting the first 
and second electrodes to a variable reference voltage 
intermediate the first and second reference voltages and 
connecting the common electrode to the non-inverting 
input of the capacitance sensing means; means for open 
ing and closing the first and second switch means in 
non-overlapping sequence; and an attenuating circuit 
responsive to the output voltage for generating the said 
variable reference voltage. 
BRIEF DESCRIPTION OF THE DRAWINGS 

The above and other advantages of the invention will 
become more apparent from the following description 
taken in conjunction with the accompanying drawings 
wherein like references refer to like parts and wherein: 

FIG. 1 is a schematic diagram of a transducer circuit 
according to the invention; 
FIGS. 2a and 2b are waveform diagrams illustrating 

switch control voltages for the circuit of FIG. 1; and 
FIG. 3 is a schematic diagram of another embodiment 

of the circuit according to the invention. 
DESCRIPTION OF THE INVENTION 

The ensuing description is directed to an improved 
capacitive transducer which was specifically developed 
for use as an accelerometer and it is described as such. 
It will be appreciated, however, that the circuit applica 
tion is not limited to that usage and may be employed as 
another type of capacitive transducer. 

Referring to FIG. 1, the transducer has a sensing unit 
8 comprising a proof mass which serves as a common 
capacitor electrode 10 suspended between fixed elec 
trodes 12 and 14 for movement toward one fixed elec 
trode and away from the other when acceleration oc 
curs normal to the plane of the proof mass. The com 
mon electrode 10 and electrode 12 form a first capacitor 
having capacitance C, and the common electrode 10 
and the electrode 14 form a second capacitor having 
capacitance C. 
A switching circuit 16 applies voltages to the fixed 

plates 12 and 14. Two sets of switches are controlled by 
an oscillator 17 which produces non-overlapping con 
trol signals identified in FIGS. 2a and 2b as phase 1 and 
phase 2 which alternate between on and off states. 
When phase 1 is on phase 2 is off. Phase 2 is on when 
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phase 1 is off but the phase 2 on period is smaller than 
the phase 1 off period to assure that the on times do not 
overlap. The duty cycles of phases 1 and 2 may be equal 
but in the case of force balancing it is preferred to have 
phase 1 larger because, as will become clear below, the 
balancing force is applied during phase 1 and will be 
more effective by being applied over a larger duty cy 
cle. For example, the phase 1 may have a 70% duty 
cycle while phase 2 has a 10% duty cycle. The oscilla 
tor frequency is of the order of 100 kHz. 
A switch 18 connects a constant DC supply voltage 

V to fixed electrode 12 and switch 20 connects common 
or ground voltage to electrode 14, both switches being 
controlled by phase 1. A pair of switches 22 and 24 
controlled by phase 2 connect both of the electrodes 12 
and 14 to a bridge voltage Vb. Further, the common 
electrode 10 is alternately connected to the inverting 
and non-inverting inputs of an operational amplifier 26 
by switches 28 and 30 controlled respectively by phase 
1 and phase 2 signals. The switches may be any control 
lable devices capable of switching rapidly between high 
and low resistance states and may for example be 
C-MOS gates, junction FETs, bipolar transistors or 
mechanical devices. 
The operational amplifier 26 has a feedback capacitor 

32 coupled to the inverting input and serves as a charge 
integrator 34 having an output voltage Vo which varies 
as a function of the displacement of the common elec 
trode and thus is a function of acceleration. The output 
of the charge integrator 34 is coupled through an input 
resistor Rito the inverting input of an operational ampli 
fier 36 having a feedback resistor Rf which may be 
much smaller than the resistance of R?. The non-invert 
ing input is connected to a constant intermediate Volt 
age V which is preferably equal to V/2. The amplifier 
36 and associated circuitry serve as an inverting attenu 
ator 38 which provides the bridge voltage V, which is 
connected to the switches 22 and 24. 
A force balancing servo compensation circuit 40 has 

a configuration which must be designed to accommo 
date the properties of the capacitive sensing unit. The 
representative servo circuit shown in FIG. 1 comprises 
an inverting unity gain amplifier 42 with input and feed 
back resistors R1 and R2, respectively, and having a 
positive bias of V, which is preferably equal to V/2, 
and its output connected to a damping circuit compris 
ing a resistor 44 connected to the non-inverting input of 
a buffer amplifier 46 and a resistor 48 and capacitor 50 
serially connected between that non-inverting input and 
ground. The output Vf of the servo circuit 40 is con 
nected to the non-inverting input of the charge integra 
tor 34. Because both inputs of an operational amplifier 
are at the same voltage, the voltage Vfwill be applied to 
the proof mass 10 during phase 1. The same voltage Vf 
will be applied to the proof mass during phase 2 via the 
switch 30. 

In operation the proof mass 10 is centered between 
the electrodes 12, 14 and the capacitances are equal 
when there is no acceleration, but upon acceleration it is 
displaced slightly in one direction to change the capaci 
tances Crand Cdifferentially. During the movement of 
the proof mass the change of the capacitances results in 
a charge transfer to or from the capacitor 32 of the 
charge integrator 34 in phase 1. That is, for given capac 
itances and electrode voltages a certain charge is re 
quired on the common electrode 10. During phase 1 any 
charge excess or deficit on the common electrode will 
result in charge transfer to or from the capacitor 32 of 
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4 
the charge integrator. (Likewise, during phase 2, any 
charge excess or deficit on the common electrode will 
be made up by current flow via the switch 30.) When 
steady state acceleration occurs, the charge on elec 
trode 10 reaches equilibrium and no further charge 
transfer or voltage change occurs. The charge integra 
tor output voltage Vochanges as a result of the charge 
transfer and the bridge voltage changes as well, thus 
enabling capacitance measurement when steady state is 
reached. Because of the fractional gain of the attenuator 
38 the change of bridge voltage Vb is slight. The change 
in the servo feedback voltage Vf can be substantial and 
provides the voltage necessary to cause a balancing 
force on the proof mass during phase 1. The feedback 
voltage Vris also a measure of acceleration. The volt 
ages Vf and Vs are the circuit output signals for the 
force balancing embodiment of the invention and the 
acceleration is a =Vf-Vs. 
Thus the alternately operated switches serve three 

purposes: 1) Capacitance measurement is made when 
the proof mass electrode 10 and other electrical systems 
reach steady state, 2) During phase 1 operation the 
switches connect the electrodes to bias voltages capable 
of generating a useful electrostatic force. This force is 
then directed to counter the acceleration force to main 
tain the proof mass close to its original (no acceleration) 
position, although some small displacement is neces 
sary. 3) The phase 2 operation completes a cycle of the 
capacitance measurement. Since Vb is applied to both 
electrodes during phase 2 of the operation, the net elec 
trostatic force exerted on the proof mass is virtually 
zero. Therefore, mechanically, this phase serves as a 
part of a dithering cycle to eliminate hysteresis due to 
friction in the mechanical system. The switching fre 
quency is chosen so that it operates much higher than 
the first fundamental mode of mechanical resonance. In 
this way the proof mass is performing both force aver 
aging and position filtering functions. 
To analyze the capacitive measurement it must be 

realized that the charge on a capacitor is Q=Cv where 
C is the capacitance and V is the voltage between the 
electrodes, and that the opposing electrodes of the ca 
pacitor have equal and opposite charges Q and -Q. 
The common electrode 10 will have negative charges 
on one side and positive charges on the other side. For 
the condition of a steady state acceleration with the 
system at equilibrium, all voltages at the output of the 
amplifiers remain constant and the proof mass rests at a 
certain stationary position. Then no free charges are 
available to transfer to the charge integrator and the net 
charge on the proof mass 10 must be the same for phase 
1 and 2. During phase 1 the charge on the proof mass is 

-(V-Vf Cr--Vf C, (1) 

and during phase 2 the charge on the proof mass is 

-(V-Vi) C-(Vb-vVi) C. (2). 

Because of the conservation of charges during equilib 
rium the expression (1) is equal to expression (2), and it 
can be shown that 

Vt=V/2(1-(C-C)/(C+C) (3). 

Thus the bridge signal Vb contains the capacitance 
information, but since the voltage Vb is attenuated from 
the output Vo of the charge integrator, Vo is a larger 
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signal than Vb. For a minute change of the capacitances 
a larger signal will be developed on Vo which can be 
used as an amplified signal to indicate the capacitive 
change. From common circuit theory applied to the 
attenuator 38, it can be shown that 

The amplification factor R/Rf is generally much larger 
than unity and it is apparent that the larger this factor is 
the smaller the "error' is for restoring the proof mass to 
its non-acceleration rest position. 
For the servo amplifier in steady state 

Typical values of circuit components are: 
C=C=2pf, for no acceleration, 
R=100 kohm 
Rfc2.381 k ohm 
R = R2 = 50 k ohn 
Val Sw 

Then for no acceleration the equations yield 

Under acceleration a, if the proof mass reaches an equi 
librium position such that C=2.02 pf and C= 1.98 pf, 
the equations yield: 
V=2.525 v; V = 1.450021 v; and VA-3.549979 v. 

The signal representing acceleration is deduced from 
Vras 

The acceleration signal a is dependent of the mass of the 
proof mass 10 and the capacitance characteristics of the 
sensing unit. 

For the transient condition when acceleration 
changes from zero to some measurable value, the 
charge transfer between the proof mass 10 and the 
charge integrator 34 occurs in stages each time the 
phase 1 switches are closed so that the charge integrator 
output voltage V is seen to increase over several 
switching cycles until a steady state is reached, but no 
voltage increase occurs when the phase 1 switches are 
open. The servo compensation circuit provides nega 
tive feedback to maintain stability during the transient. 
The compensation characteristics of the servo compen 
sation circuit are designed according to the mechanical 
properties of the particular proof mass 10 as well as the 
electrical system aspects. The feedback voltage Vfis a 
filtered function of the charge integrator output voltage 
Vo and the two voltages are essentially the same for 
steady state conditions. During transients, however, the 
voltage V contains spikes which hinder its use as a 
circuit output signal without further processing. While 
the charge integrator output voltage V may be consid 
ered as a "raw' circuit output signal, the filtered signal 
Vris preferred as the circuit output signal for the force 
balancing embodiment. 

Equations (3) and (4) show that the bridge voltage 
V, and the output voltage Vo are independent of the 
servo feedback voltage V?. This allows the capacitance 
measurement to be made in the absence of a feedback 
voltage per se, so that it can be used in an open loop 
system. FIG. 3 shows such an open loop system which 
is the same as the FIG. 1 system except that the servo 
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6 
compensation circuit is omitted and the bias voltage Vs 
is applied directly to the non-inverting input of the 
charge integrator 34. In the open loop case, the output 
voltage Vo is relatively stable and is suitable for use as 
the circuit output signal along with the voltage Vi. 
Other features of the circuit include very practical 

matters of the ease of proper biasing, the obtaining of a 
large output signal and sensitivity adjustment without 
additional amplifiers, and correction for manufacturing 
tolerances in the capacitive sensor. 
As shown by the equation (4), the output voltage is a 

function of the gain of the attenuator circuit. Thus ei 
ther of the feedback or the input resistors Rf, Ri, may be 
selected or adjusted to obtain the desired sensitivity. 
The intermediate reference voltage V determines the 
offset of the output voltage and thus can be adjusted to 
compensate for a manufacturing error in the neutral 
position of the proof mass. That is, the output voltage 
can be adjusted to its desired zero acceleration value 
even when the proof mass 10 is not ideally centered 
between the electrodes 12 and 14. 
The variance of the proof mass from its ideal rest 

position can also yield a net electrostatic balancing 
force when none is appropriate. Adjustment of the 
servo compensation circuit to offset or zero that net 
force is accomplished by adjustment of the feedback 
bias voltage Vs. 

It will thus be seen that the capacitive transducer 
described herein is exceptionally simple and yet flexible. 
It is accommodating to either open loop and force bal 
ance applications and provides a high gain with sensitiv 
ity and offset adjustment. Moreover the circuit readily 
compensates for manufacturing errors. No large capaci 
tors are needed and problems with frequency and tem 
perature sensitivity are obviated. 

It will also be apparent that modifications can be 
made to the circuit within the purview of the invention. 
For example, the force balancing may be accomplished 
by a fixed bias voltage applied to the common electrode 
10 and the reference voltages applied to the electrodes 
12 and 14 during phase 1 may be varied by the servo 
compensation circuit. 
The embodiments of the invention in which an exclu 

sive property or privilege is claimed are defined as 
follows: 

I claim: 
1. A capacitive transducer comprising: 
first and second variable capacitors comprising first 
and second fixed capacitor electrodes and a com 
mon capacitor electrode interposed between the 
first and second electrodes, the common electrode 
being displaceable from a rest position to vary the 
capacitances of the capacitors as a function of a 
parameter being measured; 

capacitance sensing means for generating an output 
voltage which is a function of the sensed parameter 
and having inverting and non-inverting inputs tied 
to a biasing voltage; 

first switch means for connecting the first and second 
electrodes to first and second dc reference voltages 
and for coupling the input of the capacitance sens 
ing means to the common electrode to thereby 
couple the biasing voltage to the common elec 
trode; 

second switch means for connecting the first and 
second electrodes to a variable dc reference volt 
age intermediate the first and second reference 
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voltages and connecting the common electrode to 
the non-inverting input of the capacitance sensing 
means; 

means for opening and closing the first and second 
switch means in non-overlapping sequence; and 

an attenuating circuit responsive to the output volt 
age for generating the said variable reference volt 
age. 

2. The invention as defined in claim 1 wherein the 
biasing voltage is fixed so that the transducer operates in 
open loop mode. 

3. The invention as defined in claim 1 wherein the 
biasing voltage is fixed and the first and second refer 
ence voltages are variable, and including electrostatic 
force balancing means for maintaining the common 
electrode at virtually the rest position comprising a 
servo circuit responsive to the output voltage for gener 
ating the first and second reference voltages to impose 
a balancing force on the common electrode when the 
first switch means is closed. 

4. The invention as defined in claim 1 wherein the 
capacitance sensing means is a charge integrator 
whereby during movement of the common electrode 
charge transfer occurs between the common electrode 
and the charge integrator to vary the output voltage 
and the reference voltage, so that at steady state the 
output voltage is an indication of the displacement of 
the common electrode. 

5. The invention as defined in claim 1 further includ 
ing electrostatic force balancing means for maintaining 
the common electrode at virtually the rest position 
comprising a servo circuit responsive to the output 
voltage for generating the biasing voltage to impose a 
balancing force on the common electrode when the first 
switch means is closed, wherein the biasing voltage is a 
measure of the parameter. 

6. The invention as defined in claim 5 wherein the 
means for opening and closing the first and second 
switch means maintains the first switch means closed a 
majority of the time so that the balancing force is gener 
ated for a majority of the time. 

7. A capacitive transducer comprising: 
first and second variable capacitors comprising first 
and second fixed capacitor electrodes and a con 
mon capacitor electrode interposed between the 
first and second electrodes, the common electrode 
being displaceable from a rest position to vary the 
capacitances of the capacitors as a function of a 
parameter being measured; 

a voltage source providing a common voltage, a main 
reference voltage and an intermediate voltage; 

a charge integrator coupled to the common capacitor 
electrode and responsive to changes in the capaci 
tances for generating an output voltage; 

means for biasing the charge integrator input to a 
biasing voltage; 

an attenuating amplifier having an inverting input 
coupled to the output of the charge integrator and 
a non-inverting input coupled to the intermediate 
reference voltage for generating a bridge signal 
which varies as a function of changes in the capaci 
tances; 

first and second switches for connecting the first and 
second electrodes to the main reference voltage 
and the common voltage, respectively; 

a third switch for connecting the common electrode 
to the charge integrator input; 
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8 
means for opening and closing the said first second 
and third switches synchronously; 

fourth switches for connecting the first and second 
electrodes to the bridge signal and the common 
electrode to the biasing voltage; 

means for closing the fourth switches only when the 
first, second and third switches are open; 

whereby the common electrode is held at the biasing 
voltage, and charge changes on the common elec 
trode are applied to the charge integrator to pro 
duce the output voltage in accordance with the 
relative capacitances of the first and second capaci 
tors. 

8. The invention as defined in claim 7 wherein the 
attenuating amplifier has input and feedback resistors 
for determining the gain, and the sensitivity of the 
charge integrator output voltage is determined by the 
gain of the attenuating amplifier. 

9. The invention as defined in claim 7 wherein the 
intermediate reference voltage determines the offset of 
the output voltage and is selected to achieve a desired 
offset voltage. 

10. A capacitive transducer comprising: 
first and second variable capacitors having capaci 

tances Crand Cp respectively, comprising first and 
second fixed capacitor electrodes and a common 
capacitor electrode interposed between the first 
and second electrodes, the common electrode 
being displaceable from a rest position to vary the 
capacitances of the capacitors as a function of a 
parameter being measured; 

a voltage source providing a ground voltage, a main 
reference voltage V and an intermediate voltage 
V 

a charge integrator coupled to the common capacitor 
electrode and responsive to changes in the capaci 
tances for generating an output voltage Vo; 

means for biasing the charge integrator input to a 
biasing voltage; 

an attenuating amplifier having an inverting input 
coupled to the output of the charge integrator 
through an input resistance Ri and having a feed 
back resistance Rf, and a non-inverting input cou 
pled to the intermediate reference voltage V for 
generating a. bridge signal 
V=V/2(1-(C-C)/(C+C)); 

first and second switches for connecting the first and 
second electrodes to the main reference voltage 
and the common voltage, respectively; 

a third switch for connecting the common electrode 
to the charge integrator input; 

means for opening and closing the said switches syn 
chronously; 

fourth switches for connecting the first and second 
electrodes to the bridge signal and the common 
electrode to the biasing voltage; and 

means for closing and reopening the fourth switches 
only when the first, second and third switches are 
Open; 

whereby the charge integrator produces the output 
voltage Vo=(R/Rf) (V(Rp/Ri+1)-Vb). 

11. A capacitive transducer circuit comprising: 
first and second fixed capacitor plates and a third 
movable capacitor plate, means for mechanically 
suspending the third plate between the first and 
second plates for complemental movement relative 
thereto; 

output circuit means having an input and an output; 
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first switch means having periodic operating times for plate and to the inverting input during the operative 
connecting the first and second plates across a time of the Second switch means. 
substantially non-varying unidirectional voltage 13. A capacitive transducer circuit as defined in claim 

a 11 further including force rebalance means for connect source and, simultaneously therewith, connecting he third l he i f 5 ing the output circuit to the third capacitor plate during 
the third capacitor plate to the input of the output the operative times of both said first and second switch 
circuit means; C2S. 

second switch means having periodic operating times 14. A capacitive transducer circuit as defined in claim 
for connecting the first and second plates to a com- 11 wherein: 
mon potential and, simultaneously therewith, dis- 10 the first Switch means comprises a first solid state 
connecting the third plate from said output circuit switch connected between said unidirectional volt 
input; and age source and said first plate and a second solid 

s 

for rapidl d tall ting th state switch connected between said second plate 
means for rapidly and complementally operating the and a reference potential such as ground and a third 

first and second switch means such that the peri- is solid state switch connected between said third 
odic operative times thereof are non-overlapping plate and a non-inverting input of the output circuit 
wherein the output circuit means comprises a sig- means; and 
nal integrator, and wherein the signal integrator said second switch means comprises fourth and fifth 
has inverting and non-inverting inputs, said first solid state switches, each connected between said 

20 first and second plates and the common potential, switch means being operative to connect the third 
plate to the non-inverting input and said second 
switch means being operative for connecting the 

and a sixth solid state switch connected between 
said third plate and the output of the said output 
circuit means, respectively, the switching rate 

third plate to the inverting input. a being greater than the first fundamental mode of 
12. A capacitive transducer circuit as defined in claim 25 mechanical resonance of the third plate suspension 

11 further including means for commonly connecting eaS 
the output of the integrator circuit to the third capacitor ck 
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